Exergy analysis is a powerful diagnostic tool in thermal systems performance evaluation.
Introduction
Increasing attention is being given to energy conservation, and this has resulted in increasing use of the exergy analysis concept for thermal systems analysis and performance evaluation. This concept is widely recognized as a necessary tool to quantify the thermodynamic losses in a given system or process. One important application of exergy analysis is seawater desalination because there is a large difference between the theoretical minimum energy required for seawater desalination and the practical requirements, owing to the irreversible losses in real systems. Therefore, a number of exergy analysis studies have been carried out to determine these inefficiencies and to give relevant recommendations for improvement of desalination systems.
It is important to emphasize that determination of the exergy requires knowledge of the reliable thermodynamic properties of the working fluid involved in a given process.
These properties are available for many pure substances and some aqueous solutions.
However, for seawater, relatively little data is available in the literature. Many researchers have performed exergy analysis of seawater desalination systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] including multistage flash (MSF), multi-effect distillation (MED), reverse osmosis (RO), mechanical vapor compression (MVC) and thermal vapor compression (TVC). In these analyses, different models have been adopted to estimate the thermodynamic properties of seawater. Frequently, seawater has been represented by aqueous sodium chloride solutions of equivalent salt content or salinity [1] [2] [3] . 3 Although sodium chloride is the major constituent in seawater, such matching does not bring all important properties of the two solutions into agreement [4] . Some researchers have further represented seawater as an ideal mixture of pure water and solid sodium chloride salt [5] [6] [7] [8] [9] [10] [11] [12] [13] . In this model, the thermodynamic properties of pure water were determined from steam tables and those of the salt were calculated by using the thermodynamic relations for solids. It is, however, important to note that aqueous sodium chloride solution and seawater are strong electrolytes that can not be represented by an ideal mixture model. This may result in significant deviations in the thermodynamic properties [4] .
On the other hand, some researchers oversimplify the problem by using the thermodynamic properties of pure water instead of seawater when performing energy and exergy analyses for seawater desalination systems [14] . Differences between pure water and seawater thermodynamic properties, even if only in the range of 5 to 10%, can have important effects in design of thermal desalination systems such as MSF and MED. For instance, density, specific heat capacity, vapor pressure and boiling point elevation are all examples of properties whose variation has a significant effect on seawater system performance [15] .
The objective of this paper is to provide the most up-to-date correlations for seawater thermodynamic properties [16] that are required to calculate the exergy of seawater. The variation of the exergy and flow exergy with the system and environment state conditions is investigated mathematically using an ideal mixture model. Further, this exergy 4 variation is verified using the actual thermodynamic data of seawater. In addition, an exergy analysis is performed on a large MSF plant for which data was previously presented by Kahraman and Cengel [9] , and which they analyzed using the ideal mixture model mentioned above.
Exergy
Exergy is the maximum amount of work obtainable when a system is brought into equilibrium from its initial state to the environmental (dead) state. In this regard, the state of the environment must be specified. The system is considered to be at zero exergy when it reaches the environment state, which is called the dead state. The equilibrium can be divided into thermal, mechanical and chemical equilibrium. These equilibriums can be achieved when the temperature (T), pressure (p) and concentration (w) of the system reaches the ones of the environment (T 0 , p 0 , w 0 ), respectively. Therefore, exergy consists of a thermomechanical exergy and a chemical exergy. The thermomechanical exergy is the maximum work obtained when the temperature and pressure of the system changes to the environment temperature and pressure (T 0 , p 0 ) with no change in the concentration.
Consequently, we say that thermomechanical equilibrium with the environment occurs.
The chemical exergy is the maximum work obtained when the concentration of each substance in the system changes to its concentration in the environment at the environment pressure and temperature (T 0 , p 0 ). Consequently, chemical equilibrium occurs.
For a control mass (closed system), the exergy, e, can be mathematically expressed as [17, 18] where u, s, v, μ, and w are the specific internal energy, specific volume, specific entropy, chemical potential and mass fraction, respectively. Properties with "*" in the above equation are determined at the temperature and pressure of the environment (T 0 , p 0 ) but at the same composition or concentration of the initial state. This is referred to as the restricted dead state, in which only the temperature and pressure are changed to the environmental values. However, the properties with "0" in the above equation (i.e., μ 0 )
are determined at the temperature, pressure and concentration of the environment (T 0 , P 0 , (2) Knowing that h = u + pv, and eliminating e in Eq. (2) using Eq. (1), the flow exergy can be rewritten as
It is important to note that if the system and the environment are both pure substances (e.g. pure water), the chemical exergy (last term in Eqs. (1) and (3)) will vanish.
However, for a multi-component system (e.g. seawater, exhaust gases) the chemical 6 exergy must be considered. Ignoring it may lead to unrealistic and illogical results for the exergy variation with the concentration [4] .
Exergy Variation
The exergy of a control mass system (given by Eq. (1)) and the exergy of a control volume system (flow exergy given by Eq. (3)), are intensive thermodynamic properties which are the maximum obtainable work per unit mass of the system. They are functions in the initial state as well as the environment state. However, if the environmental state is specified (T 0 , p 0 , w 0 ), the exergy is a function only in the system initial state (T, p, w).
In this section we examine how the exergy (for control mass system) and flow exergy (for control volume system) change with the temperature, pressure, and mass concentration of the initial state with respect to the environment dead state. Assuming the environmental dead state is at T = T 0 , p = p 0 and w = w 0 , and assuming an ideal gas mixture with equivalent mixture properties, R, c p , c v that satisfies the ideal gas relation (pv=RT). (6) Equation (6) for the case when the pressure and concentration are equal to the dead state shows that the exergy is always positive at any temperature (see Fig. 1 ). If the system has a temperature equal to the dead state (T/T 0 = 1), the exergy is zero. However if the temperature is higher or lower than the dead state temperature, the exergy is always positive. The positive exergy is due to the heat that can be transferred between the system temperature and the dead state temperature, in one direction or the other as appropriate, to operate a heat engine cycle that can produce positive work. The same result (Eq. (6)) can be obtained for a control volume system using the flow exergy equation (Eq. (3)).
Therefore, as long as p = p 0 , w = w 0 , any temperature difference between the system state and the dead state will result in positive exergy and positive flow exergy. (8) Equation (8) for the case when the temperature and concentration are equal to the dead state, shows that the exergy of the "control mass system" is always positive at any pressure (see Fig. 2 ). If the system has a pressure equal to the dead state pressure (p/p 0 = 1), the exergy is zero. However if the pressure is higher or lower than the dead state pressure, the exergy of the control mass system is always positive. The positive exergy is due to the mechanical work that can be obtained by expansion (if p > p 0 ) or compression (if p < p 0 ) of the system to reach the environment pressure.
However, for a control volume system (open system), the flow exergy (given by Eq. (10) It is clear from Eq. (10) that the flow exergy of a control volume system may be positive or negative depending on the pressure of the system. If the pressure of the control volume system is higher than the dead state pressure (i.e. p > p 0 ), a flow stream can be expanded reversibly (e.g., using a turbine) to the environment pressure and produce work resulting in a positive flow exergy. However, if the pressure is lower than the dead state pressure (i.e. p < p 0 ), an external work should be applied to compress the flow stream (e.g., using a 9 compressor) to the environment pressure resulting in a negative flow exergy (see Fig. 3 ).
Therefore, the exergy of the control mass is always positive at any pressure; however the exergy of the control volume (flow exergy) can be negative at pressures lower than the dead state pressure. 
where R is the gas constant for the mixture. We also know that;
Substituting equations (16) - (19) into Eq. (15) The positive exergy is due to mass transfer process that can be used to produce work.
For instance, if the concentration of a solute in a mixture at the system state is higher than the concentration of this solute at the dead state, the solvent in the environment can flow through a semi-permeable membrane to the system due to the chemical potential difference. This will increase the static head of the system and can produce positive work (exergy) though a hydropower turbine. This fact has been discussed since 1970s [19] and recently was applied in a pilot osmotic power plant in Norway [20] . The same thing will happen if the solute concentration in the system is lower than that at the environment dead state, but the flow of solvent in this case will be from the system to the environment. This is clearly illustrated in Fig. 4 , which is applicable at any selected dead state.
From the above discussion, we conclude that the exergy of the control mass system is always positive at any temperature, pressure, and mass concentration. However, the exergy of a control volume system (flow exergy) may have negative values if the pressure of the system is lower than the dead state pressure. It is important to note that this fact was proved mathematically for an ideal gas mixture; however, the same conclusion can be obtained for real systems using actual thermodynamic data. Therefore, the most up-to-date correlations for seawater thermodynamic properties are given in the 12 Appendix for exergy calculation. In the following section the exergy and flow exergy of seawater are calculated to show the various trends with respect to important parameters.
Seawater Exergy
The correlations given in the Appendix for the thermodynamic properties of seawater are used to calculate the flow exergy of seawater. In this regard, the (environment) dead state should be specified. However it is important to mention that the choice of the dead state does not affect the exergy analysis results. In seawater desalination systems, usually the intake seawater condition of the desalination plant is taken as the environment dead state condition. This condition varies from place to place depending on the geographical location of the desalination plant (ambient temperature, altitude, salinity of the seawater source). In addition, the pressure of the intake seawater depends on the depth of the intake system which varies from 5-50 m [21] . Therefore, the dead state pressure may change from 1 to 5 atmospheres.
The effect of changing the environmental dead state as well as the initial state on seawater flow exergy is shown in Figures 5 -8 . Figure 5 shows the specific flow exergy of seawater as it changes with the initial state temperature when the pressure and salt concentration are equal to the dead state values. As shown in this figure, the flow exergy is zero at the dead state temperature. It is always positive at any temperature other than the dead state temperature. This is true for any selected dead state temperature, therefore whenever there is a difference in temperature between the system and environment, there will be a thermal potential difference that makes the flow exergy positive. [4] . The same thing will happen if the salt concentration of the flow stream is lower than that of the environment dead state, but the flow of water in this case will be from the flow stream to the environment. This is clearly illustrated in Fig, 6 , which is applicable for any selected dead state.
The effect of changing the dead state pressure is shown in Fig. 7 . As shown in this figure, the flow exergy is zero at the dead state pressure. It is positive at pressures higher than the dead state pressure and negative at pressures lower than the dead state pressure.
However, the exergy of a control mass system (closed system) is always positive whenever, the pressure is higher or lower than the dead state pressure as shown in Fig. 8 .
This has been proved mathematically in section 2.1 assuming an ideal gas mixture model.
14 Tabulated data for seawater thermodynamic properties are given in Table 1 using the equations presented in section 2 and the appendix. The properties include specific volume, specific internal energy, specific enthalpy, specific entropy, specific exergy and specific flow exergy. These are given at temperature of 10 - 
Exergy Analysis
A comparison between the ideal and actual energy required in desalination processes
shows that the actual energy consumption is much greater than the ideal operation [3] .
This is due to the large irreversible losses involved in the desalination systems which need some improvements. The first step in any improvement or enhancement process is diagnostics, and exergy analysis is a powerful diagnostic tool. The use of such an analysis in desalination processes is of growing importance to determine the sites of the highest irreversible losses (or exergy destruction). In addition, it identifies the components responsible for the greatest thermodynamic losses in the system. Therefore, in this section, an exergy analysis is performed for a large multi-stage flash (MSF) desalination plant which was presented previously by Kahraman and Cengel [9] . The given properties are also listed in Table 2 , together with the flow exergy values calculated by Kahraman and Cengel [9] , and calculated using the seawater correlations presented in the present paper. The environmental dead state is selected at T 0 = 35 o C, p 0 = 101.325 kPa and w s,0 = 0.0465 kg/kg (which is the intake seawater conditions).
It is important to emphasize that Kahraman and Cengel [9] used an ideal mixture model of pure water and sodium chloride salt to present and calculate the thermodynamic properties of seawater. This model was initially suggested by Cerci [5] and has been discussed by Sharqawy et al [4] . As shown in Table 2 , some flow exergy values calculated by that ideal mixture model have negative values at pressure equal to or higher than the dead state pressure. In addition, the flow exergy of that model always decreases with salt concentration and has negative values at salinities higher than the dead state salinity. This is due to the chemical exergy part which was neglected in this ideal mixture model [5, 9] . However, by using the formulation presented in the present paper for the flow exergy together with the seawater thermodynamic properties correlations, correct 16 trends for the flow exergy are obtained, as shown in Table 2 . The deviation of the ideal mixture model values are also shown in Table 2 (last column).
After determining the flow exergy at each state in the desalination plant, this MSF desalination plant is analyzed assuming steady state operation and a combined pumpmotor efficiency of 75% [9] . Neglecting the kinetic and potential energies of the fluid streams, the exergy balance is similar to the energy balance performed using the first law of thermodynamics. However, the exergy is not a conserved quantity due to the irreversibilities (or exergy destruction). Thus, the exergy balance is expressed as destroyed Exergy Exergy Outlet Exergy Inlet (23) The second law efficiency is defined as the ratio of the minimum work required for the desalination process to the total exergy input. The minimum work required is equivalent to the minimum work of separation which can be calculated using the flow exergy of the inlet and outlet streams from the equivalent system (see Sharqawy et al. [4] ), while the total exergy input is the sum of the flow exergy of the heating stream (steam) and exergy input to the driving pumps. This can be written as, The fraction of exergy destruction within a component is determined by dividing the exergy destruction of that component by the total exergy destruction in the plant. Table 3 shows this fraction for each component in the MSF desalination plant calculated using the values of the flow exergy in Table 2 . As shown in Table 3 , there is a difference between the fraction of exergy destruction calculated by Kahraman and Cengel [9] and by the present work. This difference reaches 25% for the exergy destroyed in the heat exchangers. In addition the value of the second law efficiency calculated from the present work is 7.65% while from Kahraman and Cengel [9] it is 4.2%, a difference of about 80%. This shows that the exergy analysis and the second law efficiency calculations performed using the ideal mixture model of Kahraman and Cengel [9] are comparatively far from the correct values.
Concluding Remarks
The variation of the exergy and flow exergy with the system and environment properties is critically examined both for a previously published model for seawater properties and actual sea water properties. It is demonstrated mathematically, using an ideal gas mixture model, that the flow exergy can only have negative value at pressures lower than the dead state pressure; otherwise this quantity is positive for any system temperature and concentration. Correlations for the thermodynamic properties of seawater are given and the exergy of seawater is calculated. The variation of the seawater exergy with temperature, pressure and salt concentration using the actual thermodynamic properties is consistent with results that are presented here in a closed-form for an ideal gas mixture.. In addition, an exergy analysis is performed for a large MSF desalination 
Appendix: Seawater Thermodynamic Properties
Seawater is a complex electrolyte solution of water and salts. The salt concentration, w s , is the total amount of solids present in a unit mass of seawater. It is usually expressed by the salinity (on reference-composition salinity scale) as defined by Millero et al. [22] which is currently the best estimate for the absolute salinity of seawater. In this appendix, The thermodynamic properties of seawater are calculated using the correlations provided by Sharqawy et al. [16] . These correlations fit the data extracted from the seawater Gibbs energy function of IAPWS 2008 [23] . They are polynomial equations given as functions of temperature and salt concentration at atmospheric pressure (or saturation pressure for temperatures over normal boiling temperature). In these correlations, the reference state for the enthalpy and entropy values is taken to be the triple point of pure water (0.01 o C) and at zero salt concentration. The temperature is defined by the International Temperature Scale ITS-1990 [24] . For other correlations of 25 seawater thermophysical properties, the equations recommended by Sharqawy et al. [16] are used.
A.1. Specific volume
The specific volume is the inverse of the density as given by Eq. (A.1). Both are intensive properties however in thermodynamics literature it is preferred to use the specific volume instead of the density because it is directly related to the flow work. The density of seawater is higher than that of pure water due to the salts; consequently the specific volume is lower. The seawater density can be calculated by using Eq. (A.2)
given by Sharqawy et al. [16] which fits the data of Isdale and Morris [25] and that of Millero and Poisson [26] for a temperature range of 0 -180 o C and salt concentration of 0 -0.16 kg/kg and has an accuracy of ±0.1 %. The pure water density is given by Eq.
(A.3) which fits the data extracted from the IAPWS [27] with an accuracy of ±0.01%. 
A.2. Specific enthalpy
The specific enthalpy of seawater is lower than that of pure water since the heat capacity of seawater is less than that of pure water. It can be calculated using Eq. (A.4)
given by Sharqawy et al. [16] which fits the data extracted from the seawater Gibbs energy function of IAPWS [23] for a temperature range of 10 -120 o C and salinity range of 0 -0.12 kg/kg and has an accuracy of ±0.5 %. The pure water specific enthalpy is given by Eq. (A.5) which fits the data extracted from the IAPWS [27] with an accuracy of ±0.02%. It is valid for temperature range of 5 -200 o C. 
